This bulletin reviews the range of automated amino acid analysers which are readily available in the United Kingdom at the present time; it is concerned with instruments which separate mixtures of amino acids by ion exchange column chromatography, and then determine the components by colorimetric (or fluorimetric) techniques. The detailed specifications which are given in the tables have been obtained from the manufacturers' data and are believed to be correct at the time of writing (April, 1974) .
In assessing the design and performance of an amino acid analyser, the following factors should be considered:
(1) The availability of automatic sample loading devices and ancillary facilities which permit the machine to run unattended for long periods; (2) The nature and properties of the ion exchange resin, since these will largely determine the speed of analysis and the resolution which can be obtained; (3) The buffer systems used to elute the amino acids from the column and the methods used to vary their pH and composition; (4) The types of pumps used, both for pumping buffers through the columns and for pumping reagents through the analytical system; (5) The means used to mix the column effluent with the reagents required to generate colour (or fluorescence); (6) The design and construction of the optical system, including colorimeters and amplifiers, since these are important factors in determining sensitivity; (7) The methods of data output; (8) The ease of training, maintenance, and servicing; (9) The general versatility of the instrument. 168 Each of these points is important enough to consider in a general way before reviewing the particular features of named instruments. Since there is a vast literature on amino acid analysis, it would be inappropriate to cite references at each point in these notes; instead, a bibliography of papers of special historical or current interest is appended.
(/) Automatic sample loading and running
The first steps in the analysis of a mixture of amino acids involves the preparation of a suitable protein-free sample and its application to the column. Samples should be in aqueous solution at a low pH and contain between I and 250 nmol of each amino acid. The precise limits of concentration will depend on the sensitivity of the system. Each of the manufacturers whose products are reviewed here supply devices (either as standard or as optional extras) for pre-loading a number of samples for subsequent analysis. Such devices usually consist of a means of storage and a system of valves for transferring samples to the columns as required; several variations on this principle are given in the tables. In some cases, it is possible to refrigerate (or otherwise control) the environment of the samples so as to minimise decomposition which might otherwise occur if samples were kept at room temperature for several days. If, however, the sample amino acids are adsorbed onto a pellet of ion exchange material, the rate of decomposition of most amino acids at room temperature is quite slow. With such loading devices, however, it is essential that the analytical cycle be fully automatic, so that at the end of a chromatographic run the resin is washed with a solution of high pH, to strip off all residual sample material, and then re-equilibrated with the first buffer used in the elution cycle. The flow of colour reagents must also be automatically controlled.
The tables also list safety devices designed to prevent damage to the machine, and loss of samples in the event of failure of power or ancillary supplies, or of blockage in the flow system. These safety features may include valves operated by heat or pressure sensitive switches to shut off the supply of reagents.
(2) The ion exchange resin and chromatographic column(s)
The resin used largely determines the resolution obtainable and the speed with which mixtures can be separated. All of the instruments reviewed here use a sulphonated (strongly acidic) copolymer of styrene and divinyl benzene. At a pH less than 2, the amino acids become firmly bound to the sulphonic acid groups of the resin: the exceptions are the most strongly acidic amino acids (for example, cysteic acid), which are eluted with the first fractions of eluate. As the column is eluted with buffers of increasing pH and ionic strength, the amino acids are progressively displaced. In a given ionic milieu and at a given temperature, the properties of resins of this type are governed by three factors-the degree of cross-linking, the particle size, and the exchange capacity.
The degree of cross-linking, usually expressed as •% divinyl benzene', influences the selectivity of the resin as well as its physical properties. Resins with low cross-linking have greater permeability and are better able to bind larger molecules; they are, however, less selective because of their greater porosity. The particle size and shape influence the pressure that will be needed to attain a given flow rate in a column with given dimensions. While the resolution improves as the resin's particle size is reduced, a practical limit is imposed by the increase in working pressure. Spherical beads of uniform diameter are superior, in this respect, to the crushed resin formerly used. The majority of instruments reviewed here employ spherical resin beads of between 4 and 20 JLm diameter. The exchange capacity is not usually critical in amino acid analysis unless preparative work is envisaged. The performance, or resolution, of a column depends not only on the properties of the resin, on the temperature, and on the buffers used, but also on the dimensions of the column and the design of the analytical flow system.
Two configurations of analyzer may be used-a single column suitable for the chromatography of all amino acids (as originally described by Moore and Stein) , or two columns with the same, or different resins; a large one for (mono)amino-dicarboxylic acids and (mono)amino(mono)carboxylic acids, and a shorter one for diamino(mono)carboxylic acids 169 and other basic constituents. The latter arrangement does, of course, mean that each sample must be loaded twice, but this can result in faster throughput, since one column can be regenerating while the other is eluting. An alternative technique is to run two identical columns designed to chromatograph all the amino acids, but with the timing so arranged that one is eluting while the second is being prepared for the next samples.
Columns are usually made of glass, although corrosion-resistant metal can be used. The internal diameter is commonly 9 mm, but several manufacturers claim superior performance with narrower columns, which have the advantages of requiring less resin and lower reagent consumption; the sensitivity and speed of analysis may also be improved. The temperature of the column is normally controlled by circulating thermostatted fluid through a jacket; alternatively, a metal block which surrounds the column is kept at the desired temperature.
(3) Buffer and eluting systems
Apart from the characteristics of the resin, the order and time of elution of amino acids at a given temperature depends on the pH, ionic strength, and composition of the eluting buffers. Change in composition of the buffer reaching the column may be made continuously, using a gradient-making device, or in a stepwise manner with a system of timers and valves. The gradient system is mechanically simpler and more versatile in that subtle changes can be made in appropriate parts of the chromatogram. Such effects can be achieved with multiple stepwise changes but these may give rise to small irregularities in the baseline.
The majority of manufacturers specify one of the conventional buffer systems in which solutions of lithium citrate or sodium citrate are used. The former has advantages in the separation of certain triads of amino acids which occur in physiological fluids. A bacteriostatic agent is generally added to such buffers, together with a non-ionic detergent to lower the surface tension, and an antioxidant such as thiodiglycol (to minimise loss of methionine by oxidation). Slight changes in the concentrations of these additives may improve or impair the resolution.
The cycle times given in the tables are those quoted by the manufacturers, but it should be emphasized that the time for a given separation will depend on the resolution required. These figures therefore only afford a general guide and it may be possible to improve upon them if a return to baseline after each peak is not mandatory. The analysis of a protein hydrolysate, which is likely to contain only about 20 peaks, can be performed in a much shorter time than (6) Optical system initially to prepare a combined reagent containing hydrindantin, in which case the solution must be kept in an oxygen-free atmosphere. Hydrindantin is sparingly soluble in water so that such a reagent must be made up in a solvent containing methylcellosolve or dimethylsulphoxide (the latter being less toxic but more expensive than the former) in aqueous acetate buffer (to stabilize the pH of the final mixture at pH 5.50). Alternatively, mixing may be carried out prior to reaction with the column eluate. Details of mixing and reaction conditions are presented in the tables.
Detection systems other than those using ninhydrin have been described. One of these involves the use of the fluorogen fluorescamine, and gives high sensitivity for amino acids. Colour reagents for specific groups of amino acids have also been described.
o There is a good deal of variation between manufacturers in the design of the optical and ancillary systems used in amino acid analysers. With instruments using ninhydrin, the effluent from the colour development bath is passed through one or more flow cells of a colorimeter. Performance is thus dependent on several variables-the wavelength and band width of light incident on the flow cell; the nature and stability of light source; the optical path length; the number of flow cells; and the response of detector.
In general, a tungsten filament lamp is used as the light source in a single beam mode with interference filters to give the desired wavelength ranges. The power supply to such a lamp should be stabilized. Double beam colorimeters may be used in an effort o 0:(0 to compensate for variations in lamp intensity. length, but larger flow cells may give rise to peak broadening so that in practice a compromise is necessary. Most instruments are equipped with more than one flow cell so as to offer alternative path lengths and wavelengths; this may be realized by two or three separate colorimeters in series, or by having a single light source illuminating multiple flow cells. Alternatively, a single flow cell can be used in conjunction with a device which alternately changes the wavelength of the incident light. This system is that required for a physiological fluid. The analysis of urine is perhaps the most difficult exercise.
in fig. 1 . The product of the reaction between ninhydrin and pyrrolidine carboxylic acids (notably proline and hydroxyproline) has a different structure and colour. Ninhydrin and the reducing agent can be mixed (4) Pumps (5) Formation of chromogen Two types of pump are commonly used in amino acid analysers-piston and peristaltic. The former type is necessary where high pressures are encountered, such as in pumping buffer solutions through columns. Flow rates may be varied by altering the stroke of the piston (which offers a continuously variable range) or by changing the gear ratios between the drive motor and the pump (which offers a stepwise change). Several manufacturers also use this type of pump for the low pressure end of the system, in pumping reagents. However, a peristaltic pump can be used here with the advantage of versatility in providing additional channels for extra columns or reagents, or for the gas segmentation which is employed in some instruments to reduce the mixing of eluate during incubation. The need for fairly frequent replacement of pump tubing is a disadvantage of the peristaltic type of pump.
The reaction between amino acids and ninhydrin affords the most widely used means of detection in amino acid analysis. The column effluent is usually mixed with buffered ninhydrin and a reducing agent, which may be stannous chloride, hydrazine sulphate, sodium cyanide or, more recently, titanous chloride. Incubation at about 100°C for 10 min is necessary to produce maximum colour yield consistent with Beer's law. The reaction sequence is not fully understood, but has been described by the scheme shown mechanically more complex but requires fewer optical parts overall. The methods used for detecting and measuring the light from the flow cells are conventional, and there seem to be no overwhelming advantages associated with one or other of the different systems of detection.
As there is no standard expression of sensitivity in amino acid analysis, it is hard to compare different manufacturers' statements of performance specification. Thus, it is difficult to compare a statement such as 'Sensitivity = 1 nmol' with' 1 nanomol of aspartic acid gives a peak height of 1 em at maximum sensitivity'. It is important, nevertheless, to distinguish the 'detection limit', as defined by the smallest peak giving an acceptable signal-to-noise ratio, from the 'quantitation limit' which may be defined as the smallest amount of an amino acid which can be quantitated with a given precision. In fact precision will depend both upon the nature of the sample and upon instrumental factors.
(7) Output ofdata
The linear relationship between amino acid concentration and absorbance is considered to apply over a range of two absorbance units. However, there are practical limitations to the use of the whole of this range, as discussed below. Calculation of the quantities of amino acids in a mixture is frequently based upon the method of internal standardization. A known amount of a chromogen which is not normally present is added to the sample in the preparation stage; the standard frequently chosen is norleucine, but others have been described as being more appropriate for different regions of the chromatogram. The sample is then analysed, and peak areas relative to that of the internal standard are determined by one of the methods outlined below. 'Colour values' for each amino acid in the mixture relative to the internal standard are found from a separate run, in which a mixture of known amounts of each component and of the internal standard are chromatographed. Thus, by simple proportion, the amount of each component in the test mixture can be derived.
Peak areas can be measured manually or electronically. Manual methods are time consuming and prone to error on account of operator fatigue and because of difficulty in defining the baseline between peaks which are incompletely separated. The detailed technique depends on whether the output to the recorder is linear or logarithmic, but usually involves the assumption that peaks correspond to isosceles triangles or that they can be divided into a series of trapezia. Peak heights and half widths can be measured directly on the chart paper, or by using 171 a recorder which prints dots at constant time intervalsinsteadofa continuous trace. When the output from the colorimeter is linear in transmittance semilogarithmic chart paper can be used, although a limit is set to the usable range of absorbance by the fact that, with this type of paper, the divisions become very closely spaced at absorbance values above about 0.8 absorbance units. With a colorimeter output which is linear in absorbance, however, manual calculation is more convenient and the range of measurable absorbance can be extended or contracted by means of a backing-off device.
Electronic methods of peak area measurement depend upon the use of integrators or x-y plotters which encode the data, to be subsequently analysed by computer. Such devices of course, do not suffer from fatigue, but are only as good as the decisions of the operator regarding the permitted limits of baseline drift or overlap of peaks. Each of the manufacturers considered in this report either supplies or recommends an electronic integrator which is suitable for their product. Detailed consideration of these devices is beyond the scope of this bulletin but they do, at considerable initial expense, greatly reduce the workload inherent in running a large number of samples.
(8) Training, servicing, and maintenance
Although these are such important topics, few factual observations can be made. Manufacturers provide operator instruction either in the form of training courses at the factory (for example, Technicon, L.K.B.) or by on-site training in the laboratory of the purchaser. Some companies encourage customer maintenance and construct a machine in which access to working parts is relatively easy; others consider that such is the complexity of their instruments, that service is best left to their own engineers on the basis of an emergency call or a service contract. The experienced operator should be able to trouble-shoot effectively, but problems can arise when unusual faults occur, especially if the manufacturer is unable to provide an exchange module or offer ready access to an engineer.
It would be unwise-or unfair-to make generalizations about the speed of service calls or availability of spare parts, but it is prudent to keep a few spare filter discs, connectors and columns, and of course, a good stock of reagents, colorimeter lamps, and chart paper.
(9) Versatility
In addition to their use as amino acid analysers, these instruments may be adapted as automatic ion exchange chromatographic systems for other classes of compounds, such as sugars and nucleotides. Such adaptations usually involve replacing the ninhydrin detection system with an alternative chemistry, and may simply require an extra channel or two to be incorporated into a peristaltic pump. This is simple and cheap; this facility, if available, is mentioned in the tables. For some applications, the cation exchange resin(s) used for amino acid separation can be replaced by an anion exchanger. The cost of such a change however, may be considerable.
In general, also, the effiuent from the column can be made to by-pass the colorimeter system wholly or in part, so as to be pumped to ancillary equipment such as a fraction collector or radioactivity counter. Again, this type of procedure is more readily accomplished in a machine where multi-channel peristaltic pumps are used; in the case of a system using piston pumps exclusively an extra pump may be required, which makes the modification more costly.
CONCLUSIONS
Each of the machines reviewed here is primarily designed to operate on the principle of ion exchange chromatography coupled to colorimetric determination of the products of reaction between ninhydrin and amino acids. The wide variety at present available derives from differences in the arrangement of the basic modules, in the methods of controlling the analytical cycle, in the means of data presentation, and to a lesser extent in cycle times and sensitivities. There is a wide range of prices, and the analyser to be chosen for a particular application must depend on the available funds and on a detailed consideration of the workload and the performance required.
Each of the manufacturers surveyed in detail in this bulletin was requested by the authors to analyse a given mixture of some 40 components on his own machine. At the time of writing, however, no response had been forthcoming from any of the companies concerned, so that a fair trial of comparative performance has not been practicable. (Hitachi Perkin Elmer Model KLA5 which was initially included in this Bulletin has now been withdrawn from the U.K. market.) GENERAL NOTES TO THE TABLES Each of the machines described here may be used for the analysis of both protein hydrolysates and physiological fluids. The Jeol, Locarte, and Technicon analysers can be adapted for carbohydrate, nucleotide or peptide analyses. The cost of such adaptation depends on the pumping systems employed. The peristaltic pump of the Technicon systems and the combined sampling/ninhydrin pump in the Jeol instrument obviate the need for the addition of extra pumps. Facilities for stream splitting are available on all but the Rank-Hilger and Durrum analysers.
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General background reading
The dimensions of the instruments are given as breadth x depth x height in em, and the sizes of the columns supplied are given as length x internal diameter, in cm.
Sampling
Four basic types of automatic sample loading are employed as tabulated. The Rank-Hilger Chromaspek aspirates the sample through the buffer pump on to the column. The resin cartridge used on the Technicon TSM I forms an extension of the column. In most of the other machines, the samples are loaded into loops of Teflon tubing from which they are pumped through valves into the column. The Locarte system differs from the Teflon loop systems of Jeol and of LKB in that the sample is sandwiched between segments of loading buffer so that complete transfer of all sample from the pipette to the loading coil is ensured. The other Teflon loop systems are loaded by syringe injection. The design of these sample loading mechanisms is such that little, if any, degradation of amino acids occurs during storage.
Chromatography
Both two-column and single-column systems are included in the tabulation. Most analysers, other than the Rank-Hilger and Durrum, may be adapted to single or two column analysis, although if adaptation is from single to double, an extra buffer pump and small circuit alterations may be required. All the analysers considered, except the Technicon NC2, have automatic resin regeneration and equilibration. LKB and Locarte offer columns of 0.6 or 0.4 em internal diameter as options; Technicon, Rank-Hilger, and Durrum all use columns of smaller internal diameter, 0.5, 0.2, and 0.175 ern respectively, with a consequent reduction in peak width.
Column temperature is controlled by water jackets, except for the Rank-Hilger and Durrum analysers where thermostatting is achieved by solid state heaters. The LKB, Beckman, and Locarte analysers require a cold water supply to cool the water-circulating bath during regeneration; the supply is automatically controlled by a solenoid valve. The Jeol machine uses two separate water baths held at different temperatures which switch automatically at pre-programmed times.
Most machines operate with stepwise change of buffers to achieve increasing pH and ionic strength. Maintaining stocks of a large number of buffers is tedious and most systems use between three (for example, LKB) and seven buffers (for example, Jeol, Technicon) for the analysis of physiological fluids.
Stepwise buffer changes may be effected by a patchboard or matrix programmer, by a tape timer or by dial/digital timers. The most versatile are patchboard or matrix programmers; they are also the most expensive and complex to operate. The tape timers are convenient where repetition of the same type of analysis is made, but for convenience of programme adjustments-for example, if slight alteration in buffer pH or flow rate occurs-the independent dial/digital timers are advantageous.
The Rank-Hilger Chrornaspek incorporates an analogue gradient maker which controls the proportions of acidic and basic buffers. The two buffers may be weighed out without adjustment of pH and neither is susceptible to bacterial growth. Elution is thus by pH gradient alone. The principal advantage of this system is the ability to maintain small peak widths throughout the analysis and thus reduce analysis time.
Analysis
Most manufacturers use small bore Teflon reaction coils. In the Durrum machine, peak broadening is reduced by using a short reaction time and high incubation temperature. The Rank-Hilger and Technicon instruments seek to minimise peak broadening by gas segmentation of the analytical stream and by using a 2.6 mm or 2.4 mm internal diameter reaction coil respectively. This technique is only practicable when a peristaltic pump is already used for the colour reagent. While gas segmentation should, in theory, reduce peak broadening in the analytical stream, it is difficult to assess the importance of this factor since the machines using this technique also employ smaller diameter columns. In the Technicon instrument, the analytical stream is debubbled before the flow cell, while in the Rank-Hilger both liquid and gas phases pass through the flow cell and a 'gated' detector system discriminates between the two segments.
Reaction bath design varies from one instrument to another. Boiling water baths have the advantage of simplicity, but thermostatic baths are more convenient since they usually have proportional controllers which allow temperatures to be adjusted through a pre-selected range.
Most of the analysers described here are designed to use a mixed ninhydrin and stannous chloride reagent which is best stored under nitrogen. The Rank-Hilger and Technicon machines, however, employ hydrazine sulphate which is mixed with ninhydrin in the flow line. This procedure is easy to adopt where a peristaltic pump is used, but other systems would require an additional pump.
Detection
This is necessarily more complex than in most other systems of colorimetric analysis due to the wide range of amino acid concentrations which may be encountered. In addition, proline and hydroxyproline chromogens, absorbing maximally at 440 om, require a separate output from the 570 nm channel. lfthe output is linear in transmittance-for example, on the JeoI6AH, Locarte, and LKB 4101 instruments -full scale deflexion is not exceeded for high absorbances but sensitivity is poor below about T = 30%. Where output is linear in absorbance, full scale deflexion of the recorder may be exceeded for high concentrations of amino acids, and without additional devices quantitat ion in such cases is often not possible. Several approaches are made to this problem. The first is to use the 440 nm channel if the 570/440 nm absorbance ratio is favourable. The second is to provide another recorder output at reduced sensitivity by using a third photometer operating at 570 nm with a shorter path length, or by attenuating the output from the original 570 nm photometer. The Locarte Mark IV and LKB 4101 analysers incorporate a separate third photometer, while the Jeol instrument attenuates the original 570 nm output on a third recorder channel. A third approach is to provide a 'zero suppression' facility where the recorder pen is 'backed off' by one full 175 scale deflexion when the end stop is reached. This system is used on the LKB 4102 and 3201 analysers, and is available as an option on Locarte analyers when the log-lin module is specified. Where data are taken from the photometer direct to a data processing unit, as in the Durrum analyser, peaks which are offscale on the recorder can often still be quantitated.
Dotting recorders still predominate in amino acid analysers, but as peak widths are reduced by design improvements, continuous writing recorders are preferable. The latter require a replication of servoamplifiers and pen mechanisms, but are subject to less wear than dotting mechanisms. This analyser, the most expensive of those considered in this Bulletin, incorporates much advanced mechanical and electronic engineering. The column is of stainless steel and is purchased 'prepacked'. The special design of the hydraulic system ensures 'pulse-free' flow, and the ninhydrin is passed through a blank column to equalise the conditions of the two liquid streams, The very short pathlength of the reaction coil and small internal volume of the detector system ensure minimum peak broadening in the analytical system. The basic Technicon model is the NC2 analyser. This is a relatively simple instrument which is modular in configuration, and constitutes a basic analyser which may subsequently be upgraded. Addition of the tape timer and peristaltic valve as on the TSMI converts it to the model NC2P so that four separate columns may be eluted sequentially. Further addition of an extra buffer pump, detector detector channel and automatic loading device upgrades the system to a TSM2, identical in performance to the TSMI. The TSMI is a fully automatic system, also modular in configuration. 
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